We examined effects of food and den site supplementation on population dynamics of Glaucomys sabrinus and Tamiasciurus douglasii in mature second-growth forests in British Columbia, Canada. We tested the hypothesis that populations of these squirrels were limited by abundance of food, not den sites. Populations were sampled intensively from June 1996 to March 1999 on controls and grids supplemented with food, food and nest boxes, and nest boxes. Analysis of variance revealed no differences in movement, abundance, recruitment, body mass of males, and percentage of males breeding among treatments for G. sabrinus or T. douglasii. Survival of G. sabrinus was not significantly different during pretreatment, but was significantly higher on grids supplemented with food during posttreatment. Occupancy rate of nest boxes in stands supplemented with nest boxes and food was 6-to 12-fold higher than in stands supplemented with nest boxes only. G. sabrinus occupied the majority of the nest boxes. We concluded that G. sabrinus used nest boxes readily but their populations were not limited by availability of den sites; availability of food appeared to have a significant effect on their populations. T. douglasii was not limited by availability of food or den sites during our study.
density increased 2-to 3-fold, growth rates were higher, and more energy was spent on territorial defense. Arboreal sciurids (G. sabrinus, T. douglasii, and T. hudsonicus) responded positively to food supplementation experiments using sunflower seeds. Increased densities of 50%-600% over unfed populations have been reported (Klenner and Krebs 1991; Ransome and Sullivan 1997; Sullivan 1990; Sullivan and Klenner 1993; Sullivan and Sullivan 1982) , as well as longer breeding seasons, 2nd litters, and smaller home ranges (Klenner and Krebs 1991; Sullivan and Sullivan 1982) . These results are consistent with some of Boutin's (1990) conclusions, indicating that these species might be limited by food availability. However, supplemental feeding had little effect on survival and body masses of adults (Klenner and Krebs 1991; Sullivan 1997: Sullivan and Klenner 1993) , survival and growth rates of juveniles (Klenner and Krebs 1991; Sullivan 1990; Sullivan and Sullivan 1982) , or breeding (Klenner and Krebs 1991; Ransome and Sullivan 1997; Sullivan 1990; Sullivan and Klenner 1993) . Although food supplementation occurred during summer, arboreal sciurids consume a variety of food items during this time and summer might not represent the period when food is most limiting. North et al. (1997) concluded that hypogeous sporocarps might be limiting to mycophagists in managed stands, especially in winter. Supplying food during winter might be more appropriate to test food limitation in these species (Ransome and Sullivan 1997) . To date, no studies have manipulated simultaneously the abundance of food and den sites for arboreal sciurids. Consequently, the relative importance of these resources in limiting population size has not been evaluated adequately.
We manipulated abundances of food and den sites to address resource limitation in G. sabrinus and T. douglasii. We compared population dynamics among manipulated stands to evaluate the relative importance of food and den sites in limiting population sizes of G. sabrinus and T. douglasii. We tested the hypothesis that populations of G. sabrinus and T. douglasii are limited primarily by abundance of food, not den sites.
MATERIALS AND METHODS
Study areas were located in the Capilano watershed and Seymour Demonstration Forest, north of Vancouver, British Columbia, and the Malcolm Knapp Research Forest, near Maple Ridge, British Columbia, Canada. Elevation of all study stands ranged from 200-450 m. Stands were composed of even-aged trees (60 to 70 years old) that regenerated after clear-cut logging in the period 1920-1930, were intensively burned, and naturally regenerated. Very few remnant trees and snags remained from previous stands. Stands were surrounded by .1,000 ha of similar-aged trees and separated by a minimum distance of 800 m. All stands were located in the Coastal Western Hemlock dry maritime biogeoclimatic zone (Meidinger and Pojar 1991) . Climate was cool and mesothermal, characterized by cool summers and mild winters. Mean annual temperature was about 88C and ranged from 5.2-10.58C. Mean temperature for the coldest month was 0.28C (range: À6.6 to 4.78C). Annual precipitation was 2,228 mm (range: 1,000-4,400 mm) with less than 15% occurring as snowfall (Meidinger and Pojar 1991) . Dominant coniferous species in all study stands were western hemlock (Tsuga heterophylla) and western red cedar (Thuja plicata) with varying amounts of Douglas-fir (Pseudotsuga menziesii) and Pacific silver fir (Abies amabilis). Dominant ground cover included Oregon beaked moss (Kindbergia oregana), step moss (Hylocomium splendens), cotton moss (Plagiothecium undulatum), sword fern (Polystichum munitum), and salal (Gaultheria shallon).
Livetrapping and population dynamics.-Each stand had a 13-ha livetrapping grid consisting of 80 (8 Â 10) stations located at 40-m intervals. Tomahawk livetraps (Model 201, Tomahawk Live Trap Company, Tomahawk, Wisconsin) equipped with a nest box (1-liter plastic jar with coarse brown cotton) and a trap cover (asphalt roofing cut and bent to offer protection from wind and rain on 3 sides) were mounted 1.5 m aboveground on a tree trunk at each trap station. Squirrels were livetrapped every 5-6 weeks during the snowfree period from June 1996 to March 1999. However, trapping was not conducted during summer 1998 due to disturbance by black bears (Ursus americanus). Traps were set 1 h before dark on day 1 and checked on the morning of day 2 and then closed. Traps were reset before dark on day 2 and checked again on the morning of day 3, and then locked open until the next trap session. Sunflower (Helianthus annuus) seeds were placed in nest boxes when traps were locked open to function as a prebait for the next session. Traps were baited with a mixture of peanut butter and whole oats.
Squirrels were identified with individually-numbered Monel TM No. 1 ear tags (National Band and Tag Co., Newport, Kentucky) when first captured. For each capture, ear tag number, location, body mass, sex, and breeding condition were recorded. Breeding condition of females was evaluated by palpation of mammary glands and classified as nonbreeding (small mammary glands) or breeding (large mammary glands). Breeding condition of males was evaluated by palpating testes and classified as either nonbreeding (testes abdominal) or breeding (testes scrotal- Krebs et al. 1969; McCravy and Rose 1992) .
Trappability, movement, population size, proportion of squirrels in breeding condition, body mass, recruitment, and survival were estimated. Comparisons of these parameters between treatments were used to evaluate resource limitation for G. sabrinus and T. douglasii. Trappability (Jolly 1965; Jolly and Dickson 1983; Krebs and Boonstra 1984) is the probability that an individual present in the population will be caught in that particular session (Efford 1992) . Movement was calculated as mean distance moved between points of 1st capture on consecutive trapping sessions. Population densities were calculated as mean estimated population size divided by effective trapping area (trapping grid þ boundary area equal to half mean distance moved). Population size was estimated for each trap session using the JollySeber model modified for small sample sizes (Seber 1982) . The reliability of Jolly-Seber estimates declines when few tagged animals are captured (Krebs et al. 1986) . Therefore, the minimum number of animals known to be alive (Krebs 1966) was also calculated as a precautionary measure. All statistical tests were based on Jolly-Seber estimates for the reason indicated by Jolly and Dickson (1983) . However, on occasion, the Jolly-Seber estimates appeared biologically unreasonable (as when the estimated population size doubled from one trap session to the next, then returned to the level of the previous trap session). For these estimates, if trappability was less than 20%, they were replaced by minimum-number-of-animals-known-to-be-alive estimates. Minimum-number-of-animals-known-to-be-alive estimates indicate the lower limits of the Jolly-Seber estimates (Jolly and Dickson 1983) . Minimum-number-of-animals-known-to-be-alive estimates were also used for the 1st and last trap sessions because the Jolly-Seber model does not estimate population size for these sessions. Trapping sessions were grouped into 3 periods: pretreatment (May 1996-May 1997), posttreatment 1 (June 1997-March 1998), and posttreatment 2 (April 1998-April 1999). All new squirrels captured at least twice were classified as recruits. However, posttreatment 2 for the Capilano watershed had only 1 trap session due to inaccessibility of study stands from excessive snow; thus all new individuals captured during this period were classified as recruits. Distinguishing recruits from resident individuals during initial trap sessions was not possible. Therefore, recruitment was not calculated for the autumn 1996 trap sessions. Individuals joining the population after November 1996 were classified as recruits.
Survival (Jolly 1965) was estimated for each trap period i. It was defined as total number of marked animals in the population just before the i þ 1 sample, divided by the total number of marked animals in the population immediately after session i th sample (Nichols and Pollock 1983) . Body mass at sexual maturity, coupled with the lowest body mass attained by any known adult, was used to determine age categories. T. douglasii and G. sabrinus less than 165 and 100 g, respectively, were never sexually mature and were classified as juveniles. No known adults had body masses less than these values. Percentage of females breeding was not calculated because too few posttreatment trap sessions occurred during the period when their mammary glands were large (spring) and trappability was lowest at this time (Ransome and Sullivan 2003) , especially on foodsupplemented grids (Ransome and Sullivan 1997) . Comparisons of body mass among treatments were based on mean body mass of each resident adult male averaged for each period of the study.
Food and cavity supplementation.-Treatment areas were 30 ha and centered on each 13-ha live-trapping grid. Den-site supplementation for each site consisted of 30 (5 Â 6) stations located at 100-m intervals (1 nest box/ha). Nest box design follows that of Flyger (cf. Carey and Gill 1983 ) with a few modifications. The entrance was placed adjacent to the tree trunk to reduce exposure of squirrels to predators while entering and exiting the nest box. Internal volume of the main compartment was 2,700 cm 3 (12.8 Â 13.6 Â 15.5 cm). An internal shelf placed 5 cm below the top of the nest box prevented use by larger mammals and birds. Asphalt roofing was placed on top for waterproofing. Because research stands were dominated by western hemlock, nest boxes were constructed from rough-cut western hemlock harvested from local stands. Harestad (1990) reported that G. sabrinus constructed more nests in higher nest boxes (4.5 m aboveground) than lower nest boxes (1.7 m) with no preference to aspect. Consequently, nest boxes were mounted 5.5 m aboveground on the south side of a dominant conifer tree nearest the station in FebruaryMarch 1997. Nest boxes were examined twice for evidence of occupancy (autumn 1998, winter 1999) . All nests found in 1999 were removed and examined for hair to determine the species that occupied the nest box. Hair samples were collected from 3 locations (entrance, edge of inner shelf, and center of nest) to ensure consistency in determination of occupant. Hair from G. sabrinus and T. douglasii are readily distinguishable from one another by thickness and color. Hairs of T. douglasii are significantly thicker than those of G. sabrinus, banded (back), and red in color. Nests were classified as covered nests (bed in a covered nest chamber) or beds (nest without a covering) as described by Harestad (1990) . Nest boxes were not examined in the Capilano watershed in 1999 due to extensive snow cover. Nest boxes were examined a year later to determine nest type, occupant, and construction material only.
Food supplementation was provided by 90 (9 Â 10) stations per stand at 60-m intervals (3 feeders/ha). Feeders were constructed out of wood (triangular shaped, base 30 cm, height 56 cm, depth 60 cm), lined and covered with plastic for waterproofing, and suspended 7.5 m high between 2 trees 5-10 m apart. Feeders were suspended between trees using stainless-steel cable (2 mm thickness, 1 Â 7 aircraft cable; Vanguard Steel Ltd., Burnaby, British Columbia, Canada) and raised and lowered for filling by rope and pulley. Feeders were suspended during the first 12 months of food supplementation to reduce disturbance by black bears. Feeders were covered with wire mesh to improve footholds for squirrel when jumping to, or landing on, feeders. Feeders were placed on the ground for the final 8 months of the study because food supplementation was only conducted during the winter while bears were in hibernation. Each feeder was filled with sunflower seeds (approximately 7 kg) on a 5-to 6-week schedule, or when seed was depleted, from April 1997 to May 1998 (8 supplementations), and September 1998 to April 1999 (3 supplementations). Seed persisted in feeders longer during the latter half of the study, thus requiring less seed. More than 19,000 kg of sunflower seed was distributed during the study, with an average of 315 kg on each grid for each supplementation. However, feeders in the Capilano Watershed were filled only once during posttreatment 2 (November 1998) because stands were inaccessible.
The experimental design was a randomized complete-block splitplot design. Trappability, movement, body mass, and survival were grouped into 2 time periods: pretreatment and posttreatment. Density and recruitment were grouped into 3 time periods: pretreatment, posttreatment 1, and posttreatment 2. Breeding was grouped into 4 time periods: 2 pretreatment and 2 posttreatment. Differences between treatments for these parameters were evaluated by an analysis of variance (ANOVA) with time treated as a sub-plot (Kuehl, 1994 ; Appendix). Significant differences among treatments were identified with a Bonferroni multiple comparisons test (Sokal and Rohlf 1981) . When time Â treatment interactions were significant, main effects could not be interpreted; therefore, treatment effects were partitioned into separate analyses, 1 for each time period. A Bonferroni adjustment for multiple tests was used to control type 1 error (Neter et al. 1990 ). Recruitment was square-root transformed and breeding and survival rates were arcsine transformed before performing ANOVA analyses. Differences were considered significant if P 0.05 for all comparisons.
Results
We captured 489 G. sabrinus 2,084 times (Fig. 1A ) and 969 T. douglasii 2,982 times (Fig. 1B) . Trappability of G. sabrinus was significantly higher in controls than treatment stands (Table 1) . Because we failed to detect significant differences in movement for G. sabrinus and T. douglasii among treatments (Table 2) , a buffer strip of half the mean distance moved by G. sabrinus (45 m) and T. douglasii (30 m) was added to all livetrapping grids to estimate effective trapping area: 16.7 for G. sabrinus and 14.3 ha for T. douglasii. Jolly-Seber estimates for the Research Forest food-supplemented grid for June 1997 (44 individuals) and January 1998 (33) were replaced by minimum-number-of-animals-known-to-be-alive estimates (12 and 9 individuals) for those trap sessions. Trappability for these periods was 2% and 6%, respectively. The mean population size for G. sabrinus across all treatments in the 2nd posttreatment year was significantly lower than in the first 2 years of the study (Table 3) . Similarly, there were significantly more T. douglasii in the 1st posttreatment year than in the pretreatment and 2nd posttreatment year.
We failed to detect significant treatment effects for recruitment (Table 4) , body mass (Table 5) , or reproduction (Table 6) for G. sabrinus and T. douglasii. Mean recruitment for G. sabrinus and T. douglasii was significantly lower in posttreatment years than pretreatment years. Both G. sabrinus and T. douglasii were heavier during posttreatment than pretreatment years (Table 5) . A trend worth noting was that a higher percentage (mean of posttreatment 1 and 2) of male G. sabrinus bred in stands supplemented with food, and food and nest boxes than those in controls and stands supplemented with nest boxes only during treatment (Table 6 ). G. sabrinus with large nipples (lactation) were observed throughout the winter on all stands: 12 in November, 13 in December-January, and 17 in February-March. A few female T. douglasii with large nipples were observed throughout the winter in all stands: 2 in November, 1 in December-January, and 9 in February-March.
There was a significant time Â treatment interaction for survival (Table 7) , thus treatment effects could not be examined across both time periods. Therefore, we analyzed treatment effects for each year of the study independently. We failed to detect significant treatment effects for survival during the pretreatment period; however, survival on grids supplemented with food was significantly higher than other treatments during the posttreatment period. A trend worth noting was the large decrease in survival from pretreatment to posttreatment periods on control grids and grids supplemented with nest boxes. A similar decrease did not occur on grids supplemented with food and food þ nest boxes.
Mean occupancy rates of nest boxes in stands supplemented with food and food þ nest boxes were significantly higher than those in stands without food supplementation (Table 8) . G. sabrinus constructed the majority of the nests. Covered nests dominated nest boxes in stands supplemented with food whereas beds characterized most nest boxes in stands supplemented with nest boxes only. Some nest boxes were occupied at the time of checking by either G. sabrinus or T. douglasii.
Discussion
We manipulated the availability of food and den sites in an effort to evaluate resource limitation on G. sabrinus and T. douglasii. Overall, for G. sabrinus we failed to detect significant differences among treatments in movement, abundance, recruitment, and body mass of males among treatments. Survival of G. sabrinus was significantly higher on grids supplemented with food than other treatments during the posttreatment period. Stands supplemented with food and nest boxes had a 6-to 12-fold increase in occupancy of nest boxes than stands supplemented with nest boxes alone. Most nest boxes in stands supplemented with food contained covered nests, whereas those in stands without food supplementation contained only beds. These results indicate that G. sabrinus readily used nest boxes but the availability of den sites did not limit population size. Similarly, Harestad (1990) added nest boxes to a stand in the Research Forest, 1 of the blocks used in our study. He reported that only 46 of 80 nest boxes were used after 4.5 years, 22 by G. sabrinus and 5 by T. douglasii (19 unknown). The addition of nest boxes had no influence on populations of G. sabrinus in Washington (Carey 2002) or G. volans in South Carolina (Brady et al. 2000) . G. volans readily used nest boxes, but a 65% increase in den sites failed to increase squirrel densities (Brady et al. 2000) . G. volans is more dependent on cavities as den sites than is G. sabrinus (Weigl 1978) .
The lack of a response by G. sabrinus to addition of nestboxes was anticipated. There must be a density-dependent relationship for a resource to limit population size. The use of den sites by 1 or more individuals must have a negative impact on others, resulting in a lower fitness. However, G. sabrinus use cavities and construct nests in the canopy of conifers (Carey 1991; Carey et al. 1997; Cotton and Parker 2000; Feen 1997; Maser et al. 1981; Mowrey and Zasada 1984; Weigl and Osgood 1974) . The majority (72%) of den sites used by G. sabrinus in the Puget Trough of Washington were constructed nests (Carey et al. 1997) . The ability of G. sabrinus to construct their own den sites precludes the necessary requirement that use of this resource by some individuals has a negative impact on others. When temperatures declined, G. sabrinus preferred constructed nests to cavities (Mowrey and Zasada 1984) . Den sites cannot limit the carrying capacity of a stand if G. sabrinus can construct them. In addition, population sizes of G. sabrinus fluctuate significantly from one year to the next in the same stand (Carey 1995; Ransome and Sullivan 2003; Fig. 1A) . A resource that limits the abundance of G. sabrinus must also fluctuate in a similar manner. It is unlikely that the availability of cavities fluctuates significantly from one year to the next. Because T. douglasii seldom used the nest boxes, the availability of den sites did not limit the population size of this species. The poor response in abundance of G. sabrinus and T. douglasii to food supplementation during our study was unexpected. Other studies with arboreal sciurids reported significant increases in population size in response to food supplementation (Boutin 1990; Klenner and Krebs 1991; Ransome and Sullivan 1997; Sullivan 1990; Sullivan and Sullivan 1982) . However, the high use of nest boxes in stands supplemented with food, relative to that in stands without food, indicated that G. sabrinus was positively influenced by food supplementation. We propose 2 explanations for this result.
Female G. sabrinus often seek cavities to raise young (Carey 1995; Carey et al. 1997) . Consequently, the greater use of nest boxes in stands supplemented with food, relative to those supplemented only with nestboxes, might indicate a greater 
a Density (N/ha).
TABLE 4.-Recruitment (individuals/trap session) for Glaucomys sabrinus and Tamiasciurus douglasii in controls and in stands supplemented with food, food and nest boxes, and nest boxes in southwest British Columbia, Canada from 1996-1999.
Food
Food þ nest boxes Nest boxes Control 
number of reproductive females in stands supplemented with food. We could not estimate the percentage of female G. sabrinus that bred because they are least trappable in the spring (Ransome and Sullivan 2003) , especially in stands supplemented with food (Ransome and Sullivan 1997) . However, a significant increase in female reproduction in stands supplemented with food, over that in stands without food, would support the hypothesis that populations of G. sabrinus are limited by food. We failed to detect a significant difference among treatments in the percentage of male G. sabrinus that were scrotal; however, a slightly higher percentage occurred in stands supplemented with food over those without food. This pattern might be biologically important and may indicate that G. sabrinus was positively influenced by the abundance of food. Food supplementation might have resulted in increased abundance of G. sabrinus and T. douglasii, but perhaps our methods were not sufficient to document the change. The primary incentive for squirrels to enter traps was access to food. G. sabrinus might forage by regularly visiting and evaluating the status of food patches that have been used in previous years (Pyare and Longland 2001) . We suggest that traps, as a source of food, were included in the regular foraging routes of individuals present in stands prior to treatment. Individuals joining the population in stands supplemented with food after the treatment was initiated had no incentive to visit traps due to an abundance of food; thus traps were not included in their foraging routes. Consequently, the untrappable population might have been much larger in stands supplemented with food than those without food. A trend worth noting was that posttreatment trappability was lower in stands supplemented with food over those without food (Table 1) . We feel the reduced trappability associated with food supplementation is biologically significant and might, in part, explain our inability to document an increase in abundance associated with food supplementation.
We found that survival was higher at sites supplemented with food than other treatments during posttreatment. A trend worth noting was that survival decreased 12% and 13% from pretreatment to posttreatment on grids without food. A similar pattern did not occur on food grids. These results indicate that populations of G. sabrinus were influenced positively by abundance of food during our study.
A lack of a response in movement and body mass of males to food supplementation was expected. Three years of food supplementation during summer for G. sabrinus had no influence on these parameters (Ransome and Sullivan 1997) . Other studies with arboreal sciurids also found that supplementing food during summer had little effect on survival, body mass of adults, and percentage of adults breeding for Tamiasciurus (Klenner and Krebs 1991; Sullivan 1990; Sullivan and Klenner 1993) . However, male T. hudsonicus were significantly heavier on 1 grid supplemented with food than on the control grid when food was supplemented during winter (Sullivan 1990 ).
Overall, for T. douglasii we failed to detect significant differences in movement, abundance, recruitment, and body mass of males among treatments. However, during periods of high food abundance, factors other than food availability limited populations of T. hudsonicus (Klenner and Krebs In summary, the hypothesis that populations of G. sabrinus are primarily limited by abundance of food, not den sites, was supported by our study. G. sabrinus readily used nest boxes, but only in stands supplemented with food. Thus, increased abundance of den sites would have a limited effect on populations of G. sabrinus in the stand types we examined. Improving the amount of food available to G. sabrinus, especially in winter, might have a greater effect on their populations than improving den site availability. This information might be most useful when management goals include increasing current populations of G. sabrinus. Recent studies have found a positive relationship between prey abundance and reproductive success of Strix occidentalis (Thome et al. 1999; White 1996) , home range size and habitat use , and their survival during natal dispersal (Miller et al. 1997) . Consequently, forestry practices that increase the abundance of food for G. sabrinus may, in turn, improve the prey abundance for S. occidentalis. 
